This retrospective study provides an overview on spontaneous diseases occurring in 38 captive wild felids submitted for necropsy by German zoological gardens between 2004 and 2013. Species included 18 tigers, 8 leopards, 7 lions, 3 cheetahs and 2 cougars with an age ranging from 0.5 to 22 years. Renal lesions, predominantly tubular alterations (intra-tubular concrements, tubular degeneration, necrosis, intra-tubular cellular debris, proteinaceous casts, dilated tubuli) followed by interstitial (lympho-plasmacytic inflammation, fibrosis, metastatic-suppurative inflammation, eosinophilic inflammation) and glomerular lesions (glomerulonephritis, glomerulosclerosis, amyloidosis) were detected in 33 out of 38 animals (87%). Tumors were found in 19 of 38 felids (50%) with 12 animals showing more than one neoplasm. The tumor prevalence increased with age. Neoplasms originated from endocrine (11), genital (8), lympho-hematopoietic (5) and alimentary organs (4) as well as the mesothelium (3). Most common neoplasms comprised uterine/ovarian leiomyomas (5/2), thyroid adenomas/adenocarcinoma (5/1), pleural mesotheliomas (3), hemangiosarcomas (2) and glossal papillomas (2). Inflammatory changes were frequently encountered in the intestine and the lung. Two young animals displayed metastatic mineralization suggestive of a vitamin D-or calcium intoxication. One tiger exhibited degenerative white matter changes consistent with an entity termed large felid leukoencephalomyelopathy. Various hyperplastic, degenerative and inflammatory changes with minor clinical significance were found in several organs. Summarized, renal lesions followed by neoplastic changes as well as inflammatory changes in lung and gastrointestinal tract represent the most frequent findings in captive wild felids living in German zoological gardens.
Introduction
Wild felid populations are rapidly decreasing in their natural habitat due to various factors including comprehensive biosphere changes, poaching, and exposure to infectious agents [1, 2] . With regard to these emerging changes in wild felid biodiversity, many of them are classified as endangered species by the International Union for Conservation of Nature and Natural Resources, IUCN [3] . In parallel, many wild felids are housed in zoological gardens worldwide and represent a theoretical source of genetic material to recruit animals for reintroduction into the wild [4] . These collections may have high stability due to individual nursing and life-long monitoring [5, 6] . However, they can be affected by several disorders triggered by environmental factors, genetic changes and infectious agents [1, 5, 7] . Therefore, knowledge about the frequency of diseases, including those in aged individuals, is important for clinicians, biologists and pathologists.
Neoplastic diseases may cause high morbidity and mortality in several captive wildlife species. An increased rate of neoplasms may further be indicative of the presence of infectious agents, genetic aberrations or an adverse environment [8, 9] . In captive wild felids, a wide range of different neoplasms has been described, most of which are reported as single cases [10] [11] [12] [13] [14] . Only a few studies focused on tumor prevalence in larger populations of wild felids and all publically available data originate from zoological gardens in the United States [5, 6, 15] . Chronic nephropathy is common in aged domestic and non-domestic cats [16] and might also constitute an issue in geriatrics of captive wild felids.
In addition to neoplastic, inflammatory and degenerative lesions, infectious agents, including feline leukemia virus (FeLV), feline immunodeficiency virus (FIV), feline infectious peritonitis virus (FIPV) and Helicobacter sp., represent important pathogens in captive and wild felid populations [8, [17] [18] [19] . FIV has been described in lions, cheetahs, panthers, cougars, jaguars, leopards and in a tiger [17, [20] [21] [22] . It is suggested, that FIV adaptation in many exotic felids started within the last 10,000 to 20,000 years [21] . Investigation of FIV infection in free ranging lions in Botswana and Tanzania revealed an immunosuppression resulting in lymphadenopathy, gingivitis, tongue papillomas, dehydration and poor coat condition [23] . Similar changes are described in FIV positive domestic cats [24] . Furthermore, FIV infection was associated with malignant lymphoma in one African lion [25] . Simultaneously, this animal suffered from pneumonia, neutropenia and thrombocytopenia [25] . Interestingly, no FIV infection was observed in 11 lions suffering from malignant lymphoma in another study [26] .
In contrast to FIV, infection with FeLV seems to be more restricted to domestic cats as it rarely occurs in non-domestic felids [21] . FeLV infection detected by polymerase chain reaction was associated with a multicentric T cell lymphoma in one cheetah [8] . In addition, FeLV antigen was detected in 1 of 11 African lions suffering from malignant lymphoma as determined by immunohistochemistry [26] . Therefore, Harrison et al. [26] assumed a minor pathogenetic relevance of FeLV in lions. This is in contrast to its domestic counterpart. Interestingly, FeLV neutralizing antibodies but no FeLV antigen were found in a 12 years old male clouded leopard [27] . FeLV antibodies are also demonstrated in Florida panthers and an association with clinical signs including lymphadenopathy, anemia, septicemia and weight loss is suggested [28, 29] .
The aims of the present study are a) to characterize frequently observed gross and histopathological findings including neoplastic, degenerative and inflammatory lesions in wild felids kept in German zoological gardens, b) to highlight rare salient lesions and c) to give a special focus on age-related changes.
Materials and Methods

Study design
Data of 38 captive wild felids originating from eight German zoological gardens were reviewed retrospectively. Animals included 18 tigers (Panthera tigris), 8 leopards (Panthera pardus), 7 lions (Panthera leo), 3 cheetahs (Acinonyx jubatus) and 2 cougars (Puma concolor) comprising 24 female and 14 male individuals with age ranging from 0.5 to 22 years (median: 13 years). Except cougars, animal species were housed in more than one zoological garden. The animals were necropsied between 2004 and 2013 at the Department of Pathology, University of Veterinary Medicine Hannover, and Staatliches Veterinäruntersuchungsamt Arnsberg, North RhineWestphalia. The time between death and post-mortem examination ranged from 0 to 5 days with a median time interval of 1 day (S1 Table) . The body condition was scored as obese, good, moderate, poor and cachectic. Animals in a good body condition revealed physiological amounts of subcutaneous and abdominal fat tissue, whereas animals with a moderate body condition showed reduced amounts of subcutaneous but only very low abdominal fat tissue. Animals in a poor body condition possessed only limited amounts of fat reserves frequently associated with generalized muscle atrophy. In contrast cachectic animals lacked fat reserves and displayed a serous atrophy of the bone marrow or coronal myocardial fat tissue. Detailed information on each animal concerning species, gender and age is given in Table 1 and S1 Table. This study was carried out in accordance to the German animal welfare act. All animals were dead at the time of submission for necropsy and the authors confirm that no animals were sacrificed for the purpose of this study. Post-mortem examinations were carried out by order of the operators of the zoological gardens to investigate the causes of illness or death. This retrospective study was not approved by an ethics committee since it is not an animal experiment and all necropsies were performed as recommended or requested by the following legal provisions applicable for zoological gardens in the Federal Republic of Germany, respectively: "Gutachten über die Mindestanforderungen zur Haltung von Säugetieren" (German Federal Ministry of Food and Agriculture, 2014), Council Directive 92/65/EEC, Council Directive 1999/22/EC.
Histopathology
Whole body necropsies were performed by different pathologists. Samples for histopathology taken from the majority of animals included: respiratory and gastrointestinal tract, liver, pancreas, urogenital tract, heart, hematopoietic organs, musculoskeletal system, endocrine organs, peripheral as well as central nervous system. Samples were fixed in 10% neutral buffered formalin, dehydrated and embedded in paraffin wax. Sections of 3-50020μm thickness were mounted on glass slides (Engelbrecht Medizin-und Labortechnik GmbH, Edermünde, Germany) and stained with hematoxylin and eosin (H&E). Applied histopathological stainings were performed according to standard procedures as described elsewhere [30] . All kidney sections were stained with Periodic acid-Schiff (PAS) reaction, Congo-red, azan and May-Grün-wald's trichrome staining to investigate basement membranes, amyloid depositions and the extracellular matrix, respectively. Congo-red and Campbell-Switzer silver impregnation were used to detect amyloid deposition or neurofibrillary tangles in all brain specimens, respectively. Congo-red was also applied to identify amyloid deposition in pancreatic islets in all animals. Warthin-Starry silver impregnation was used to detect Helicobacter-like organisms in all stomach samples. In addition, the following special stainings were only applied to subsets of cases. In these cases, findings in the H&E-staining require verification: Fouchet staining for hepatic cholestasis, Grocott silver impregnation for fungal organisms, von Kossa's staining for calcium and phosphorus deposition, Turnbull's blue staining for iron depositions (hemosiderin), and Gram, Ziehl-Neelsen staining as well as the PAS reaction for possible organisms in the lung of animals with pneumonia.
Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed and paraffin embedded samples according to standard procedures. Briefly, antigen retrieval was performed in citrate buffer (pH 6.0, 20 min, 95°C) followed by blocking of endogenous peroxidase activity with 0.5% hydrogen peroxide in 70% ethanol for 30 min. Subsequent to the application of normal goat serum (20% in phosphate buffered saline, 30 min), primary antibodies were added and incubated for approximately 2 hours followed by application of secondary antibodies for 30 min. The avidinbiotin complex (ABC) method (VECTASTAINING Elite ABC Kit, Vector Laboratories, Burlingame, California) was performed according to the manufacturer instructions and 3, 3 0 -diaminobenzidine-tetrahydrochloride (DAB, Sigma-Aldrich, Munich, Germany) was used as chromogen. Sections were counterstained with Mayer's haematoxylin. Primary antibodies 
Additional diagnostic tests
Fluid of the anterior eye chamber was collected (30/38 animals) to evaluate the urea concentration (Urea test strips, Reference number 131299990350, DiaSys Diagnostic Systems GmbH, Holzheim, Germany). The amount of blue discoloration of the test strip by ammonium [mm] is correlated with the urea concentration [mg/ml] in the eye chamber. Results were estimated according to the values provided by the manufacturer. Postmortem urea concentration in the eye chamber correlates with blood urea concentration ante-mortem (reference value < 50 mg/ dl) [32] . No data regarding the urea nitrogen stability in the eye chamber after death exist in large felids, however based on canine, equine and bovine data it can be assumed, that the value is stable at least for 36 hours at moderate and lower temperatures [33] [34] [35] . In one study, it was shown that the urea nitrogen value increased severely after 48 hours [34] . To avoid false positive results, urea nitrogen investigations were only included in the study, if the time between death and necropsy was less than 48 hours. Therefore, the urea nitrogen value of 27 out of 30 large felids was included in the study only. However, it should be considered that the reference value is validated for humans, domestic cats, dogs and cattle but has not been validated for wild felids so far. Blood was collected from 31 of 38 animals and submitted to the small animal clinic (University of Veterinary Medicine Hannover) for the detection of FIV antibodies and FeLV antigen using the SNAP Combo FIVAb ⁄ FeLVAg Test (Idexx Laboratories, Ludwigsburg, Germany). In one tiger with a catarrhal enteritis (animal no. 34), unfixed frozen intestinal tissue samples were submitted to the Department of Microbiology for bacteriological investigation in accordance with the owners' decision.
Statistical analysis
Statistical analysis was performed using R version 3.1.2 [36] . Age of animals and urea concentration in the anterior eye chamber were tested for normal distribution by evaluating histograms, Q-Q plots and applying Shapiro-Wilk test. As the age was not normally distributed (p < 0.01), median, minimal and maximal values were given in the manuscript. The impact of age, sex and species on the presence of pathologic findings was assessed in multifactorial logistic regression analyses. Significance was tested by the likelihood ratio test. For p < 0.05, the odds ratio (OR) is given for age increased by 1 or changes in sex (e.g. male compared to female), respectively. For impact of species, significant likelihood ratio tests were followed by pairwise comparison of distinct species using the Wald test and the OR is given for p < 0.05. The impact of FIV infection on the frequency of pathologic lesions was assessed similarly. It has to be considered that differences in lifespan between individual felid species may have an impact on the development of various lesions, however this need to be analyzed in a larger cohort.
Cohen's kappa statistics followed by testing the null-hypothesis that the estimated kappa is related to chance, as well as the Bangdiwala's agreement chart were used to determine agreement between several findings. This procedure was also applied to test for association of several findings with an increased (> 50 mg/dl) urea concentration in the anterior eye chamber. For p < 0.05, judgement of the estimated kappa was made as follows: if kappa is between 0 and 0.2, "slight agreement", if 0.2-0.4, "fair agreement", if 0.4-0.6, "moderate agreement", if 0.6-0.8, "substantial agreement", if 0.8-1.0, "almost perfect agreement" [37] .
Results
Detailed information about investigated animals including species, gender, age, nutritional status, detection of FeLV and FIV, urea concentration measured in the anterior eye chamber, significant pathologic findings and manner of death is given in Table 1 . A comprehensive overview of all degenerative, inflammatory and neoplastic changes in each animal included in the study is given in S1 Table. Urinary system Inflammation and degenerative lesions. In the present study 33 out of 38 animals (87%) showed renal lesions ( Table 2, S1 Table) without any sex predisposition. They were classified as tubular, interstitial, glomerular pathology and miscellaneous. There was a substantial agreement between the occurrence of interstitial and tubular changes (kappa = 0.68, p < 0.0015), as well as a moderate agreement between the presence of interstitial and glomerular findings (kappa = 0.40, p < 0.0045). However, the association between glomerular changes and tubular changes was not significant (kappa = 0.21, p = 0.084). The risk for the presence of interstitial as well as glomerular changes significantly increased with age of the animals (OR = 1.17, p = 0.0092 and OR = 1.14, p = 0.0135, respectively). Tubular changes included luminal concrement accumulations (23/38 animals; 61%), tubular epithelial degeneration and necrosis comprising luminal cellular detritus and/or cytoplasmic storage of hyaline/lipid droplets (21/38 animals; 55%), as well as proteinaceous casts (19/38 animals; 50%). Tigers revealed a higher risk for the occurrence of tubular degeneration and necrosis compared to leopards (OR = 7.8, p = 0.0345). By statistical analysis, the frequency of proteinaceous casts increased with age (OR = 1.11, p = 0.0396) and was higher in lions compared to leopards (OR = 17.5, p = 0.035). Interstitial kidney lesions consisted of lympho-plasmacytic interstitial nephritis (27/38 animals; 72%; Fig 1A and 1B) , fibrosis (26/38 animals; 68%, Fig 1C) , eosinophilic interstitial nephritis (4/38; 11%) and metastatic-purulent nephritis (4/38; 11%). There was moderate agreement between the occurrence of increased urea concentration in the anterior eye chamber and concrement accumulation in tubular lumina (kappa = 0.59, p < 0.003) as well as fair agreement with dilated tubuli (kappa = 0.29, p < 0.042). However, other renal lesions, gastritis or enteritis were not significantly associated with increase in urea concentration in the anterior eye chamber. Interstitial nephritis occurred in animals with a median age of 13 years (ranging from 0.5 to 22 years) with an increasing frequency with age (OR = 1.14, p < 0.016) and there was a significant substantial agreement with interstitial fibrosis (kappa = 0.69, p < 0.0002) and fair agreement with glomerular sclerosis (kappa = 0.35, p < 0.0066). There was also an association between age and the presence of interstitial fibrosis (OR = 1.15, p < 0.011). Five animals with interstitial nephritis (5/27 animals; 19%) displayed an erosive to ulcerative gastritis, however there was no statistical significant agreement between the occurrence of these findings (kappa = 0.17, p = 0.1048). Morbillivirus antigen was not detected immunohistochemically in kidneys of captive felids. The frequency of eosinophilic interstitial nephritis decreased with age (OR = 0.80, p = 0.016). Glomerular lesions included glomerulonephritis (GN; 16/38 animals; 42%), glomerulosclerosis (12/38 animals; 32%) and amyloidosis (1/38 animals; 3%). GN was classified as membranoproliferative (7/38 animals; 18%), mesangioproliferative (5/38 animals; 13%) and membranous (4/38 animals; 11%; Fig 1B and 1D) . The frequency of GN increased with age (OR = 1.14, p = 0.014). However, the occurrence of GN was not significantly associated with interstitial nephritis. Additional lesions included loss of nephrons (16/38 animals; 42%), lympho-plasmacytic pyelitis (15/26 animals; 57%; renal pelvis was only available in 26 animals) and cytoplasmic storage of a yellow pigment within tubular epithelial cells (11/38 animals; 29%). The frequency of both loss of nephrons and lympho-plasmacytic pyelitis raised with increasing age (OR = 1.15, p < 0.01 and OR = 1.13, p < 0.036, respectively). Pyelitis was further associated with the presence of glomerular changes (kappa = 0.46, p < 0.011). Mineralization of basement membranes was present in 4 animals that did not show systemic mineralization (11%). Polycystic lesions in kidney and liver resembling polycystic kidney disease were observed in one lion (animal no. 19; [38] ).
Metastatic mineralization. Three 11-and 12-month-old tigers (animal nos. 33, 35 and 36) from the same zoological garden died within a few months. In these animals kidneys displayed bilaterally a coarse granular surface and a narrow (0.5-0.8 cm) renal cortex. Myocardium, blood vessels, lung, stomach, duodenum and/or thyroid gland and choroid plexus displayed multifocal, pinpoint, white, partly calcified areas. Animals exhibited an increased urea concentration in the anterior eye chamber of 300, 110 and 200 mg/dl, respectively. One animal (animal no. 36) showed an ulcerative glossitis located at the ventro-lateral aspect of the tongue. Bone mineralization and consistency were unremarkable at gross examination and there were no indications of fibrous osteodystrophy. Histopathologically, multifocal mineralization of basement membranes and/or elastic fibers of myocardium, kidney (Fig 1E) , lung, aorta, trachea, as well as gastric (Fig 2A) and duodenal mucosa was detected. The kidneys of one animal (animal no. 33) displayed a focal, interstitial nephritis characterized by severe infiltration of eosinophils and moderate numbers of lymphocytes and plasma cells accompanied by mild interstitial fibrosis, membranoproliferative glomerulonephritis and mild tubular degeneration with dilated tubuli, proteinaceous casts, intratubular concrements and intraepithelial yellow pigment deposition. In all affected animals parathyroid glands were without significant findings.
A 19-year-old male tiger (animal no. 25) and a 9-year-old female leopard (animal no. 7) with interstitial nephritis revealed similar mineralization of kidneys, lung, meninges and blood vessels of hippocampus associated with parathyroid hyperplasia or adenoma, respectively.
Alimentary tract
Inflammation. Microscopic evaluation of the stomach revealed mucosal inflammation in 10 of 38 animals (26%) that was not associated with age or animal species but more common in female individuals (OR = 7.80, p = 0.0278). These included erosive to ulcerative (5/38; 13%), lympho-plasma-histiocytic (3/38; 8%) and hemorrhagic gastritis (2/38; 5%). In contrast to non-purulent and hemorrhagic inflammation, erosive to ulcerative gastritis coexisted with interstitial nephritis. In one case, ulcerative gastritis, azotemia and interstitial nephritis was associated with a parathyroid adenoma in one leopard (animal number 7). Warthin-Starry silver impregnation demonstrated Helicobacter-like organisms in the gastric mucosa of three animals including 1 cheetah (animal no. 1), 1 cougar (animal no. 5) and 1 tiger (animal no. 26) and the presence of spirochetes was not associated with concurrent gastric inflammation.
Thirteen animals (34%) revealed enteritis in the small intestine with an age ranging from 0.7 to 19 years (median: 6 years). The risk for the occurrence of enteritis significantly decreased with age (OR = 0.89, p = 0.0301) but was not influenced by gender or species. Enteritis was not associated with increased urea concentration in the anterior eye chamber. In 6 of 13 felids (3 lions, 2 tigers, 1 cheetah), catarrhal enteritis characterized by crypt dilation with luminal accumulation of cellular debris, villous atrophy, thickening of the villi (villous fusion) and re-epithelialization (crypt regeneration) was noticed (parvovirus-like enteritis; Fig 2B and 2C) . One of these animals (1 tiger, animal no. 37) displayed a panmyelophthisis. However, FeLV-and parvovirus-antigen were not detected in any case. Enteritis was associated with FIV infection in 2 lions (animal no. 17: catarrhal enteritis with crypt abscesses, crypt loss and re-epithelialization; animal no. 20: parvovirus-like enteritis) as determined by detectable antibodies in blood. Salmonella typhimurium and Clostridium perfringens type A were identified in intestinal samples (microbiological examination) from an 8-month-old male tiger with catarrhal enteritis. Eosinophilic inflammation within the intestinal mucosa without evidence for parasitic infection was present in a 19-year-old male tiger with moderate nutritional condition.
Neoplasms. The risk for the general presence of neoplasia increased with age (OR = 1.23, p = 0.0003) but was not influenced by sex or species. In the alimentary tract, tumors were detected in the tongue only (papilloma; 2/38 animals; 5%). 
Liver and pancreas
Hyperplasia and neoplasms. Similar to neoplasia, the general presence of hyperplastic lesions increased with age (OR = 1.42, p < 0.0001) but was independent from gender or species. There was no significant association between the occurrence of hyperplasia and neoplasia (kappa = 0.21, p = 0.0972). The exocrine pancreas was assessed in 33 felids and nodular hyperplasia was present in 5 animals (5/33 animals; 15%). Male compared to female felids showed a Pathology of Captive Wild Felids higher frequency of hyperplastic changes in the pancreas (OR = 9.20, p = 0.0334). Neoplasms found in liver and pancreas included a single hepatic (animal no. 14; 1/38 animals; 3%) and pancreatic carcinoma (animal no. 21; 1/38 animals; 3%) in each animal.
Endocrine organs
Degenerative lesions. No degenerative lesions including amyloid deposition were identified in the pancreas.
Hyperplasia and neoplasm. Eleven of 16 hyperplastic lesions detected in 12 of 38 animals were located in endocrine organs including moderate nodular hyperplasia of adrenal cortex (6/ 12 animals; 50%) as well as moderate hyperplasia of parathyroid (4/12 animals; 34%) and thyroid glands (1/12 animals; 8%). Both adrenal and parathyroid hyperplasia were more common in older animals (OR = 1.61, p = 0.0004 and OR = 1.26, p = 0.0335, respectively).
Endocrine organs were most commonly affected by neoplasms (11/34 tumors; 32%). Thyroid tumors including adenomas (n = 5) and a carcinoma (n = 1) represented the second most common neoplasms detected in captive wild felids (6/34 tumors; 18%; age ranged from 18 to 22 years with median age of 19 years) and the risk was significantly increasing with age (OR = 3.65, p < 0.0001). Affected animals were in a poor (n = 1), moderate (n = 1) or good (n = 4) body condition. A pancreatic islet cell tumor was present in a female leopard (animal no. 13), and there was a neuroendocrine tumor in the abdominal cavity of a male leopard (animal no. 8) that was assumed to be a pancreatic islet cell tumor, too (n = 2). A pituitary carcinoma (n = 1) and a pheochromocytoma (n = 1; Fig 3A) were present. Parathyroid hyperplasia (animal no. 25) or adenoma (animal no. 7; Fig 3B) were found in 2 animals. In addition, these animals showed an associated interstitial nephritis. In these cases metastatic mineralization was present in kidneys, lung, meninges and blood vessels of the hippocampus while the bones appeared unremarkable (see chapter metastatic mineralization).
Reproductive system
Inflammation. Within the uterus, inflammatory lesions were found in 4 of 24 felids (17%) most commonly characterized by purulent endometritis and/or pyometra (n = 3). Lympho-histiocytic endometritis was associated with cystic glandular hyperplasia in one animal. The presence of endometritis was not influenced by age or animal species.
Neoplasms. Organs of the reproductive tract were second most commonly affected by neoplasms (8/34 tumors; 24%). Tumors included uterine (4 tigers, 1 leopard) and ovarian (1 lion, 1 leopard; Fig 3C) leiomyomas, which represented the most commonly detected tumor type in the present study (7/34 tumors; 21%; age ranged from 12 to 22 years with median age of 18 years). The occurrence of leiomyomas increased with age (OR = 1.30, p = 0.0053). A simple carcinoma of the mammary gland was present in a 13-year-old female leopard (animal no. 9).
Central nervous system
Leukoencephalopathy. A 22-year-old female tiger (animal no. 29) presented with not further specified "chronic complaints of old age" and the referring veterinarian diagnosed a chronic renal failure based on clinical pathological investigations. However, it was not possible to determine the onset of the clinical signs. Additionally, degenerative joint disease due to reduced movement was suspected and finally the animal was recumbent leading to euthanasia. In this animal degenerative changes of the white matter restricted to the brain were associated with a mild, bilateral, internal hydrocephalus ex vacuo. The cerebrum revealed a subventricular white matter malacia and dilatation of the lateral ventricles (Fig 4A) . Histology showed a diffuse astrogliosis with numerous gemistocytes (Fig 4B and 4C ) in this area, which was confirmed by GFAP immunohistochemistry. In addition few spheroids were found in the brain stem of this animal.
Miscellaneous. Neuronal lipofuscinosis (12/38 animals; 32%), meningeal fibrosis (10/38 animals; 26%), dilated myelin sheaths, myelinophagia and spheroids (6/38 animals; 16%), C) Ovary, leopard, 17 years, female (animal no. 13). The left part of the picture shows an encapsulated, well demarcated leiomyoma (L) attached to normal ovary tissue (asterisk). The right part of the picture demonstrates the firm, nodular cut surface of the leiomyoma (L) that is characterized by irregularly arranged interwoven tissue bundles. doi:10.1371/journal.pone.0130573.g003 Pathology of Captive Wild Felids mineralization of the choroid plexus, meninx, and meningeal vessels independent from systemic mineralization (5/38 animals; 13%) as well as lymphocytic/lympho-histiocytic meningitis (3/38 animals; 8%) were found. Neuronal lipofuscinosis was significantly associated with age (OR = 1.14, p = 0.0229). Male felids were significantly predisposed for the presence of meningeal fibrosis compared to females (OR = 12.22, p = 0.0119). Amyloid depositions and neurofibrillary tangles were not detected in the cerebrum of captive wild felids.
Neoplasms. In an 18-year-old female cougar (animal no. 4) with a history of neurological signs, a psammomatous meningioma was located at the cerebral meninges of the cranium. This neoplasm was associated with mild multifocal lympho-histiocytic meningitis, but there was no compression of the adjacent brain parenchyma.
Respiratory tract and body cavities
Inflammation. Pneumonia was evident in 12 felids including 6 tigers, 4 lions, 1 leopard and 1 cougar (age ranged from 3 to 19 years). Histologically, either interstitial (n = 4), purulent (n = 2), granulomatous (n = 2) or fibrinous to necrotizing (n = 1) pneumonia, or a combination of interstitial and purulent (n = 2), as well as interstitial and fibrinous inflammation (n = 1) were detected. The fibrinous pneumonia of 1 lion (animal no. 16) showed intralesional fungal hyphae measuring approximately 6 μm in width with thin parallel walls, regular septa and dichotomous acute angular branching suggestive of Aspergillus sp. In one lion with granulomatous pneumonia FIV-specific antibodies were detected. In the remaining animals, no etiology was identified based on gross findings, histology and histochemistry including Gram, ZiehlNeelsen staining and PAS reaction. However, no additional tests (e.g. microbiological or virological examination) were carried out. Additional findings observed in the lungs comprised anthracosis (10/38 animals; 26%), interstitial and pleural fibrosis (8/38 animals; 21%), mild multifocal mineralization of vessels and alveolar septa not associated with systemic mineralization (animal nos. 5, 8, 23, 26, 27 and 32; 6/38 animals; 16%) and hemosiderosis (5/38 animals; 13%). The risk for presence of pulmonary anthracosis as well as interstitial and pleural fibrosis significantly increased with age (OR = 1.20, p = 0.0046 and OR = 1.20, p = 0.0096, respectively). The presence of pneumonia was not associated with the occurrence of anthracosis, interstitial and pleural fibrosis, pulmonary mineralization and hemosiderosis, and there was no sex or species predisposition for the presence of any respiratory changes.
Neoplasms. In the lung of a 19-year-old male tiger (animal no. 27), a bronchioloalveolar carcinoma was detected. Pleural mesotheliomas (Fig 5A and 5B) were observed in 3 animals including 1 cheetah (animal no. 1) and 2 tigers (animal nos. 21 and 25), all of which were male felids.
Lymphoreticular and hematopoietic organs
Retroviral infection. FIV antibodies were identified in the blood of 3 female and 1 male lion (4/38 animals; 11%; animal nos. 14, 15, 17 and 20), while FeLV antigen was not present in any investigated sample. In all FIV-infected animals, various inflammatory lesions were detected including catarrhal enteritis (n = 2; see inflammation of alimentary tract), pyometra (n = 2, see inflammation of genital tract), granulomatous pneumonia (n = 1, see inflammation of respiratory tract) and metastatic purulent nephritis (n = 1, see inflammation of urinary system). Furthermore, 2 FIV-positive lions revealed neoplastic lesions comprising a hemangiosarcoma and a hepatic carcinoma (animal no. 14), as well as an ovarian leiomyoma (animal no. 15). Logistic regression analysis revealed that FIV infected felids have a higher risk for the development of endometritis (OR = 16, p = 0.0282), whereas the risk for enteritis, pneumonia, metastatic purulent nephritis or neoplasia was not influenced by FIV infection.
Miscellaneous. Lymphoid depletion of the spleen, pulmonary, mesenteric, iliac lymph nodes and/or Peyer's patches, partly associated with necrosis, was found in 11 female felids (11/38 animals; 29%). These lesions were not associated with FIV infection and their risk was not influenced by age or species. However, lymphoid depletion was more frequently detected in female felids (OR = 9.29, p = 0.0150). Anthracosis of pulmonary and mesenteric lymph nodes (5/38 animals; 13%) were occasionally present and their frequency increased with age (OR = 1.22, p < 0.0294).
Neoplasms. A multiple myeloma affecting the bone marrow, lymph nodes, spleen and pituitary gland was present in a female neutered tiger (animal no. 26). A female cougar had a cutaneous lymphoma dominated by CD3-positive T cells (98%) as determined by immunohistochemistry. A male cheetah (animal no. 1) revealed a myelolipoma within the spleen. 
Cardiovascular system
Miscellaneous. Cardiac lipomatosis was detected in 12 of 38 animals (32%) most of which were in good to obese body condition. Mild myocardial fibrosis was identified in 5 animals (13%). The presence of miscellaneous heart findings was not associated with age, sex or specific animal species.
Neoplasms. A metastasizing hemangiosarcoma was detected in kidney, liver, bone (right femur) and bone marrow of an 18-year-old female cougar (animal no. 4; Fig 5C) and in the spleen of a 13-year-old female lion (animal no. 14).
Skeletal system, joints and skin
Inflammation. Focal ulcerative dermatitis located at the hindlimb (n = 2) or chronic lympho-histiocytic pododermatitis (n = 2) were present in 4 animals (11%).
Degenerative lesions. In 6 of 38 animals (16%) including 4 tigers (animal nos. 25, 29, 31 and 32) and 2 lions (animal nos. 17 and 19), degenerative joint disease affecting one or multiple sites including shoulder, elbow, hip and stifle joint was detected. Lesions were characterized by superficial fibrillation, eburnation, chondrocyte loss, chondrone formation, myelofibrosis, osteosclerosis and proliferation of synovial villi. The risk for the presence of degenerative joint disease was not influenced by age, gender or animal species.
Neoplasms. In the 6 th lumbar vertebra of a 13-year-old female leopard (animal no. 9), an osteosarcoma was present. In addition, the animal revealed metastases in hepatic and pulmonary lymph nodes, liver, spleen, kidneys, and lung.
Discussion
The present study aimed to investigate macroscopic and histologic findings in 38 captive wild felids (18 tigers Panthera tigris, 8 leopards Panthera pardus, 7 lions Panthera leo, 3 cheetahs Acinonyx jubatus and 2 cougars Puma concolor) which died between 2004-2013 in German zoological gardens. The most frequently observed lesions consisted of inflammation and degeneration of the kidney (87%), various neoplasms (50%), enteritis (34%) and pneumonia (32%). In addition, a degenerative encephalopathy in one tiger resembling large felid leukoencephalomyelopathy is described.
Neoplasms
In the present study, a total of 34 neoplastic lesions in 19 out of 38 animals (50%; Fig 6) with age ranging from 3 to 22 years (median age: 16 years) comprising 13 female and 6 male individuals were observed. In 10 animals including 6 tigers, 2 leopards, 1 lion and 1 cheetah, 2 different tumor types were found. Three different neoplasms were detected in a 17-year-old female leopard (animal no. 13) and 4 distinct tumors were present in an 18-year-old female cougar (animal no. 4). The high prevalence of neoplasms in aged captive felids is similar to observations from a study of the Knoxville zoological garden between 1979-2003 with a tumor rate of 51% [6] . This is in contrast to an earlier study from the Philadelphia zoological garden where the neoplastic rate was much lower and varied from 2.6 to 9.9% between 1901-1934 and 1935-1955 , respectively [5] . The differences between the various studies may be related to increased longevity of animals in zoological gardens or environmental factors [5] . However, elevated exposure to carcinogens or infectious agents should be considered as other risk factors [9] . Endocrine glands were most commonly affected by neoplastic lesions in the present study. This was particularly related to the high frequency of thyroid gland tumors such as adenomas and carcinomas in 5 (animals no. 6, 22, 25, 26, 29) and 1 (animal no. 4) animals respectively with a median age of 19 years in affected animals. This finding is in accordance with previous observations from the zoological gardens from Knoxville and Philadelphia that already showed thyroid tumors are common in wild felids [5, 6] . In the wild felid population of the Knoxville zoological garden, thyroid tumors are reported in animals with a median age of 18 years [6] . Pathogenetically, an iodine deficiency presumable due to a deficit of the iodine supplementation was associated with a higher incidence of these endocrine tumors [5] . In the present study, it remains undetermined whether similar factors have influenced the development of thyroid neoplasms. In domestic cats, thyroid gland proliferations including hyperplasia and neoplasms are commonly observed with increasing age [39] and affected animals reveal an average age of 12.4 (adenoma) or 15.8 years (carcinoma; [40] ). Thyrotoxicosis due to increased production of T3 and T4 by neoplastic cells is a frequent finding in companion animals [39] . Affected domestic cats often have a poor body condition despite polyphagia and might show secondary hypertrophic cardiomyopathy [39, 41] . In contrast to domestic cats, wild felids with thyroid hyperplasia or adenoma lacked evidence of thyrotoxicosis consisting of cardiac hypertrophy or emaciation in the present study.
Parathyroid hyperplasia or adenoma was present in 5 animals (animal nos. 4, 5, 7, 25, 27) . Concurrent metastatic mineralization of kidneys, lung, bone marrow and/or brain was noticed in 2 of those animals (animal nos. 7 and 25). As both animals further showed renal pathology it remains unresolved whether metastatic mineralization was related to primary or secondary hyperparathyroidism.
A pheochromocytoma was diagnosed in a 19-year-old male tiger (animal no. 27). Although this tumor has not been described in wild felids, it is a rare entity in its domestic counterpart [42] . In companion animals, clinical signs can be attributed to the space-occupying effect of the neoplastic growth [43] . In addition, a pheochromocytoma-associated catecholamineinduced cardiomyopathy is described in dogs, man, nonhuman primates and mice [44] . However, cardiovascular abnormalities were absent in the present study and there was no evidence for chronic congestion indicating that the tumor seemed not to produce significant amounts of systemic active catecholamines.
Genital tumors were second most commonly detected in the present study. Tumors frequently encountered included ovarian and uterine leiomyomas in animals with a median age of 18 years. This finding was similar to previous observations showing genital neoplasms especially leiomyomas of the uterus are frequent in large felids with a median age of 17 years [6] . Although leiomyomas are uncommon in the ovary of domestic cats, they are described as the most common mesenchymal tumor type in the uterus and cats suffering from uterine leiomyomas reveal a median age of 9 years [45, 46] . One simple carcinoma of the mammary gland was found in a 13-year-old female leopard (animal no. 9). This is in contrast to other studies reporting a higher prevalence of mammary gland tumors in both wild and domestic felids most likely due to the treatment with contraceptive drugs [6, 47, 48] . The cause of the low rate of mammary gland tumors in the present study remained undetermined. All female felids (24/38 animals) were treated with contraceptive drugs regularly as mentioned by the referring veterinarians (personal communication).
Lymphoreticular and hematopoietic tumors were the third most commonly occurring type of neoplasms and included multiple myelolipomas in the spleen of one cheetah (animal no. 1). Similarly, myelolipomas in liver (n = 7) or spleen (n = 1) of cheetahs and tigers were described previously [12, 49] . A frequency of 6% is reported in captive wild felids and cheetahs revealed the highest prevalence of this tumor type (6/15 cheetahs, 60%) in one study [49] . Pathogenetically, Lombard et al. [49] assumed that these changes represent reactive metaplasias rather than true neoplasms, which may occur as a consequence of anemia. An 18-year-old cougar (animal no. 4) showed a cutaneous T cell lymphoma. Malignant lymphoma is the most common tumor in domestic cats [50] and is occasionally described in lions and rarely reported in cheetahs [8, 15, 26, 51] . Lymphomas in lions most often occur within the spleen and a T cell origin is frequently reported [26] . This is in contrast to domestic cats that show a predominance of B cell neoplasms [26] . Multiple myeloma affecting the bone marrow, lymph nodes, spleen and the pituitary gland was diagnosed in a 19-year-old tiger (animal no. 26). This type of neoplasm was previously only reported in a jaguar [52] .
Malignant mesotheliomas were detected in two tigers (animal nos. 21 and 25) and one cheetah (animal no. 1) in the present study. Histologically, they included two biphasic and one epithelioid type. Pleural or pericardial mesotheliomas are rarely described in wild felids including a lion, a clouded leopard and two tigers [10, [53] [54] [55] . They were graded as malignant tumors with metastasis in one case, and all neoplasms were of the papillary epithelioid type. Pathogenetically, mesotheliomas in man are strongly associated with prolonged exposure to industrial pollutants including asbestos fibers [17, 56] . However, no etiology was identified for mesotheliomas in the present study. Similarly, previous observations lacked evidence for intralesional asbestos fibers in affected felids [10, [53] [54] [55] and therefore other exogenous and endogenous factors have to be considered as potential causes.
Papillomas were detected in the tongue of a 3-year-old lion (animal no. 16) and an 8-yearold tiger (animal no. 24). Roelke et al. [23] reported an association of FIV infection with oral papillomas in African lions. A similar manifestation has been described in humans with immunodeficiency virus infections [57] . However, affected animals lacked evidence for lentiviral infection in the present study. Although papillomas might occur spontaneously, a viral etiology cannot be ruled out.
Hemangiosarcomas were present in the spleen of a 13-year-old female neutered lion (animal no. 14) and in liver, kidney, right femoral bone and bone marrow of an 18-year-old female cougar (animal no. 4). Although these tumors are commonly detected in companion dogs and occasionally observed in domestic cats, no report about their occurrence in wild felids exists [58, 59] .
A psammomatous meningioma was found in an 18-year-old female cougar (animal no. 4). Meningiomas are common neoplastic lesions in companion cats and are often associated with compression of the adjacent neuroparenchyma [60, 61] . In contrast to domestic felids, there is only one report about a meningioma in a 17-year-old Bengal tiger [62] .
Retroviral infection
Retroviral infections such as feline leukemia virus as well as feline immunodeficiency virus are common in domestic cats and have also been described in wild felids [21] . FeLV and FIV infections are associated with neoplastic transformation and can facilitate secondary infections due to immunosuppression, respectively [63, 64] .
In the present study, FIV specific antibodies were detected in 4 lions (animal nos. 14, 15, 17 and 20), while other animals were negative. Though lymphoid tissues lacked morphologically a loss of lymphocytes a functional impairment of the immune system cannot be ruled out. It is known that FIV infection can promote opportunistic infections and tumor growth [65] . FIV infection was associated with a higher risk for endometritis in the present study. This is in contrast to previous reports where endometritis was not associated with FIV infection in captive wild felids [23, 25, 66] . Further studies in a larger group of animals are needed to further investigate the possible impact because of the low frequency of both FIV infection and endometritis in the present study. In contrast, the risk for enteritis, pneumonia, metastatic purulent nephritis or neoplasia was not significantly influenced by FIV infection. It has to be considered that this result does not rule out a possible impact of retroviral infection on the development of such lesions because of the limited number of animals and the low prevalence of FIV in the study population. In contrast, FeLV antigen was not detected in any animal in the present study. This is in accordance to previous reports that showed a lower frequency of FeLV infection compared to FIV in non-domestic felids [21] .
Inflammatory and degenerative lesions
Chronic kidney disease represents a common finding in aged domestic and wild felids [16] . In the present study, renal pathology was the most frequent finding with 87% of all investigated captive wild felids. Similarly, previous observations reported a frequency of 74% in non-domestic felids [16] . Chronic renal disease is very frequent in domestic cats with one study reporting a prevalence of up to 30% in aged animals [67, 68] . Generally, age is considered to be an important risk factor for the development of chronic renal disease in domestic cats [68, 69] . Similarly, the present study demonstrated a higher risk for kidney lesions with increasing age in wild felids. Interstitial nephritis, interstitial fibrosis, intra-tubular concrements, tubular degeneration and necrosis, as well as proteinaceous casts were the most common renal findings in the present study. However, the cause of the renal changes could not be determined. It remains unknown whether the interstitium was primarily or secondarily affected subsequent to tubular damage. In general, infectious and non-infectious etiologies have to be taken into consideration. Besides a hematogenous route, an urogenic-ascending infection as well as a primary glomerular disease have to be considered pathogenetically [16] . Recently, a feline morbillivirus was identified and associated with tubulointerstitial nephritis in a case control study in domestic cats [70] . However, in the present study no morbillivirus antigen was detected in renal lesions.
Increased urea concentration in the anterior eye chamber (> 50 mg/dl) was significantly associated with the presence of concrements in tubular lumina and dilated tubuli but not with other renal lesions, gastritis or enteritis. Impaired renal function may result in uremic gastroenteritis. Azotemia can also be related to pre-renal mechanisms such as dehydration without involvement of renal pathology. However, further studies are needed to substantiate the accuracy of the assumed reference range for wild felids. Despite the absence of an association between renal lesions, gastritis and enteritis, a functional relation of azotemia and renal disease cannot be ruled out. Interstitial nephritis (animal nos. 7 and 25) and azotemia (animal no. 25) were detected in animals with mineralization in kidney, lung and brain suggesting hyperparathyroidism as the underlying pathogenetic mechanism. In addition, elevated levels of parathyroid hormone were observed in 84% of domestic cats with chronic renal failure [71] . Due to the coincidence of parathyroid hyperplasia (animal no. 25) or adenoma (animal no. 7) it remains unknown whether these cases in the present study represent secondary (renal) or primary hyperparathyroidism. Renal inflammation and degeneration were not associated with fibrous osteodystrophy in any case.
Widespread mineralization in various organs including lung, myocardium, kidney, aorta and gastrointestinal tract was also present in 3 young adult tigers (animal nos. 33, 35, 36) . Although animal no. 33 showed inflammatory and degenerative renal lesions, these cases were interpreted as metastatic mineralization not initiated by renal or parathyroid gland pathology. In addition, there was no evidence for previous rhabdomyolysis, granulomatous inflammation, osteopathy with accelerated bone turnover or malignant tumors in these animals. Pathogenetically, hypercalcemia due to vitamin D intoxication or idiopathic conditions was suspected in these tigers. In dogs, hypervitaminosis D may occur based on excessive dietary amounts of vitamin D causing clinical signs like lethargy, stiff gait as well as polydipsia in affected animals [72] . Therefore, intoxication with cholecalciferol rodenticides or excessive intake of vitamin D and/or calcium should be considered as possible causes of metastatic mineralization in these tigers.
In wild felids, pneumonia due to various causes including viral, bacterial and fungal agents is occasionally reported [73] [74] [75] . Pulmonary inflammation was detected in 12 animals including 6 tigers, 4 lions, 1 leopard and 1 cougar. Intralesional fungal hyphae most likely representing Aspergillus sp. were detected in a fibrino-purulent pneumonia in a lion (anima no. 16). Similarly, Aspergillus terreus was identified as the cause of the granulomatous pneumonia, rhinitis, encephalitis and thymitis in a neonatal snow leopard [73] . In addition, Coccidioides immitis and Pythium insidiosum may be considered as further causes of mycotic pneumonia in wild felids, as described in one captive Indochinese tiger and one American jaguar, respectively [76, 77] . Interstitial pneumonia represented the most common inflammatory lung lesion in the present study indicating a potential role of viral agents. In wild felids, several viruses are associated with pneumonia including avian influenza A (H5N1) virus (tigers and lions), canine distemper virus (Serengeti lions), FIPV (mountain lion) and FIV (African lion; [25, 74, 78, 79] ). Furthermore, feline herpesvirus 1 and feline calicivirus should be considered as potential viral causes of lower respiratory tract disease in wild felids. They represent relevant agents in domestic cats which have also been identified in captive and/or free-ranging cheetahs [1, 80] . Fatal cowpox infection induced acute hemorrhagic pneumonia in 2 captive cheetahs [81] . Fibrinopurulent and granulomatous inflammation of the lung detected in the present study suggest a bacterial infection. Several organisms are reported to cause bacterial pneumonia in wild felids comprising extra-intestinal pathogenic Escherichia coli (tiger), Morganella morganii (jaguar) and eugonic fermenting bacterium (African lion; [75, 82, 83] ). Additional special stainings including Gram-, Ziehl-Neelsen staining and PAS reaction did not detect an etiology.No additional tests, like bacterial culture or virological tests to detect infectious agents were carried out in most cases of the present study.
Fourteen animals (34%) suffered from enteritis. Morphologic findings in the small intestine of 6 of these animals shared feature of feline parvovirus infection consisting of crypt dilation with accumulated cellular debris, villous atrophy, fusion and crypt regeneration. Concurrent panmyelophthisis was only present in a 3-year-old Bengal tiger (animal no. 37). However, neither parvovirus-nor FeLV-antigen was detected immunohistologically within the intestinal tract of these animals. FIV antibodies were shown in 2 lions suffering from enteritis (animal nos. 17 and 20) . Similarly, chronic enteritis is reported to occur in 19% of FIV-infected domestic cats [24] . Although an impact of FIV infection on the development of enteritis could not be ruled out, the risk for developing enteritis was not increased in infected compared to noninfected felids in the present study. Therefore, a so far unidentified infectious agent must be considered etiologically in the remaining animals.
In contrast to man, the pathogenic role of Helicobacter sp. has not been substantiated in most domestic and wild animals and a definitive link to a disease is still lacking except for pigs, ferrets and cheetahs [19, [84] [85] [86] [87] [88] . Helicobacter acinonyx, closely related to Helicobacter pylori, is a specific organism described in cheetahs, lions and tigers. This organism is associated with gastritis of varying degree in this species [7, 89] . Phylogenetically, the organism is suggested to be derived from Helicobacter pylori by crossing the species barrier from early humans to cats within the last 50,000 to 400,000 years [7] . Few genetic modifications determined a better adaptation to the feline immune system [7] . Helicobacter-like organisms were demonstrated within the stomach of 3 animals (1 cheetah, 1 cougar and 1 tiger). However, the presence of spirochetes was not associated with gastric inflammation in the present study. This is in contrast to other observations reporting a prevalence of 40% up to 90% for Helicobacter-like organisms in captive cheetahs, tigers and lions and infection was associated with increased number of lymphoid follicles and lympho-plasmacytic gastritis [89, 90] . Helicobacter acinonyx is only reported in captive but not in free roaming wild felids. It is suggested that this may be related to higher baseline cortisol levels in captive animals causing an alteration in their immune response [19] .
Degenerative changes of the central nervous system characterized by malacia with internal hydrocephalus ex vacuo, gliosis with prominent gemistocytic astrocytosis and spheroids within the cerebral white matter resembling large felid leukoencephalomyelopathy were present in a tiger (animal no. 29). This entity is described in 73 large captive felids in zoological gardens in the United States and in one animal in the United Kingdom between 1994-2005 [91] . Previous descriptions of large felid leukoencephalomyelopathy reported clinical history of loss of vision with blindness, disorientation and/or difficulty eating. Typically, the disease progressed over days to years [91] . In the present case, similar disturbances regarding vision and eating were not reported. However, the animal showed movement disturbances and recumbency in the final stage. Unfortunately, it was not possible to define the onset and duration of the symptoms. The cause of the disease is unknown although environmental or husbandry-associated sources of neurotoxicity are etiologically suspected. Numerous normal and gemistocytic astrocytes represented characteristic histologic findings in the present and previously reported cases [91] . The present case represents the first occurrence of large felid leukoencephalomyelopathy after 2005 and in Germany.
Non-purulent lymphocytic or lympho-histiocytic meningitis was detected in 3 animals. Pathogenetically this type of lesions can be induced by infectious as well as non-infectious causes. Among the infectious causes viruses like Felid herpesvirus 1, FIPV, FIV as well as bacteria such as Listeria monocytogenes, Klebsiella pneumoniae, Streptococcus pneumoniae and fungi like Cryptococcus neoformans have to be considered [92] [93] [94] [95] [96] . Though the underlying cause of meningitis remains undetermined in the present study, none of the animals with meningitis were tested positive for FIV.
Dilated myelin sheaths, myelinophagia and spheroids with a mild to moderate degree of severity were detected in 6 animals. Dilated myelin sheaths can result from myelin sheaths edema or represent an early stage of vacuolar degeneration (spongiosis). Myelinophagia can occur during a local or systemic infectious or non-infectious disease with resulting tissue damage. In association with dilated myelin sheaths, spheroids, representing focal swellings of axons, are frequently observed [97] . Few spheroids can commonly be encountered at various sites in brain and spinal cord of older animals and they may not be associated with clinical signs [97] .
Neuronal lipofuscinosis, meningeal fibrosis and mineralization (meninges, plexus choroideus, fourth ventricle, hippocampal vessels) were present in the central nervous system (CNS) of few captive wild felids. These lesions were interpreted to be of minor significance and the risk for neuronal lipofuscinosis was significantly increased with age. Similar alterations occur commonly in domestic animals and represent age-related findings in most cases [97] .
Male felids revealed a significant higher frequency of meningeal fibrosis compared to female individuals. This is an interesting finding since fibrosis in kidney, heart and lung was not influenced by gender. However, the cause of this sex predisposition is unclear. Further studies are needed to confirm this finding and to investigate possible pathogenetic factors involved in increased meningeal collagen synthesis. Deposition of β-amyloid and neurofibrillary tangles in the brain are described in 13 of 22 captive cheetahs in one study [98] . Similar lesions, representing the hallmark of Alzheimer's disease in humans, are also described in chimpanzees and wolverines [99] [100] [101] . However, in the present study, neither amyloid nor neurofibrillary tangles were detected in the cerebrum of wild felids.
Pyometra and/or endometritis were noticed in two lions, one leopard and one tiger (animal nos. 7, 14, 17 and 24). Pyometra is occasionally reported in wild felids while it is rare in their domestic counterpart [66, 102] . Lions seem to be at an increased risk to develop pyometra and this may be related to differences in the induction of ovulation [66] . Similar to its domestic counterparts, Escherichia coli appeared to be a more common etiological pathogen than Pseudomonas aeruginosa [66, 103] . In the present study, the reproductive cycle remains unclear as ovaries were not available due to ovariohysterectomy (n = 1) or not assessed histopathologically (n = 1). Pathogenetically, it remains controversial whether pyometra is promoted by the application of contraceptive drugs or linked to age-related changes associated with endometrial hyperplasia [66, 102] . Lympho-histiocytic endometritis with cystic glandular hyperplasia was found in an 8-year-old tiger, which was most likely related to infectious or abiotic factors that may be supported by hormonal disturbances.
In domestic cats, amyloid deposition in pancreatic islets of Langerhans is common and can be detected in 65% of animals with diabetes mellitus [104] . However, islet amyloidosis is also described in approximately 50% of cats that lacked evidence for endocrine disease [105] . In the present study, there was no evidence for amyloidosis in islets of Langerhans within the pancreas in any of the investigated animals.
Conclusion
In summary, chronic nephropathy characterized by tubular alterations, interstitial nephritis and glomerular lesions was a common finding in captive wild felids. Neoplastic lesions predominantly affecting endocrine, genital, lymphoreticular organs, the pleura as well as the alimentary tract were detected in 50% of the investigated animals. Uterine/ovarian leiomyoma, thyroid gland adenoma/carcinoma, pleural mesothelioma, oral papilloma, hemangiosarcoma and pancreatic islet cell tumor represented the most common tumor types. Several inflammatory and/or degenerative lesions of kidney, lung, intestine, brain as well as the presence of hyperplasia and neoplasia were associated with age of wild felids. Enteritis and pneumonia were the most common inflammatory changes. Large felid leukoencephalomyelopathy is a rare salient lesion which has not been described in Germany before and should be considered as possible differential for degenerative diseases of the CNS. The prevalence of FeLV, FIV and Helicobacter sp. in captive wild felids is very low to negligible in German zoological gardens and these organisms seem to play little to no pathogenic role.
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